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Edited by Gunnar von Heijne and Anders LiljasAbstract The 30S ribosomal P site serves several functions in
translation. It must speciﬁcally bind initiator tRNA during for-
mation of the 30S initiation complex; bind the anticodon stem–
loop of peptidyl-tRNA during the elongation phase; and help to
maintain the translational reading frame when the A site is unoc-
cupied. Early experiments provided evidence that 16S rRNA was
an important component of the 30S P site. Footprinting and
crosslinking studies later implicated speciﬁc nucleotides in inter-
actions with tRNA. The crystal structures of the 30S subunit and
70S ribosome–tRNA complexes conﬁrmed the interactions be-
tween 16S rRNA and tRNA, but also revealed contacts between
tRNA and the C-terminal tails of proteins S9 and S13. Deletion
of these tails now shows that the 16S rRNA contacts alone are
suﬃcient to support protein synthesis in living cells.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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S13; tRNA1. Introduction
The crystallographic demonstration that the catalytic site of
the ribosome is composed of 23S rRNA [1], and that, there-
fore, peptidyl transferase is a ribozyme [2,3], has ﬁnally laid
to rest any uncertainty about the functional role of ribosomal
RNA [4]. Three decades ago, the biological role of ribosomal
RNA (rRNA) was generally believed to be the positioning of
the presumably functional ribosomal proteins within the ribo-
some [5]. During this same time, there was nevertheless consid-
erable evidence supporting a functional role for rRNA. The
implications from a list of experiments carried out in the
1970s, seen in retrospect, are surprisingly strong. It was shown
that cleavage of a single phosphodiester bond between A1492
and A1493 in 16S rRNA by colicin E3 completely inactivated
the ribosome [6,7]. Resistance to the antibiotic kasugamycin,
an inhibitor of translational initiation, was shown to be con-
ferred by a lack of di-methylation of A1518 and A1519 in
16S rRNA [8]. Omission of single proteins from reconstituted
30S subunits, with rare exceptions, failed to abolish*Corresponding author.
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doi:10.1016/j.febslet.2004.11.026translational activity [9]. Strangely, the protein paradigm was
so deeply ingrained that none of these ﬁndings were embraced
by their authors as evidence for the possible functional role of
rRNA. This possibility became harder to ignore with the dem-
onstration of direct crosslinking of the anticodon of tRNA to
16S rRNA [10], and of the aminoacyl moiety of tRNA to 23S
rRNA [11,12], which showed that rRNA was present in close
proximity to the two most important functional sites in tRNA.2. Chemical probing of the 30S P site
Chemical modiﬁcation experiments using the RNA-speciﬁc
reagent kethoxal represented an early eﬀort to gain a compre-
hensive sense of the relative functional importance of rRNA
[13]. This approach was tried after systematic attempts to inac-
tivate ribosomes with a wide range of protein-speciﬁc reagents
failed [14]. Kethoxal reacts speciﬁcally with unpaired guanine
bases at their N1 and N2 positions, under mild conditions.
Treatment of ribosomes with kethoxal caused loss of in vitro
protein synthesis activity. Both the tRNA binding activity of
30S subunits [13] and the peptidyl transferase activity of 50S
subunits [15] were aﬀected. In vitro reconstitution experiments
showed that the loss of activity of 30S subunits was indeed due
to kethoxal modiﬁcation of the 16S rRNA; proteins from the
modiﬁed, inactivated subunits were fully active when reconsti-
tuted with unmodiﬁed 16S rRNA. Subunits were protected
against inactivation by binding tRNA prior to modiﬁcation,
suggesting that the tRNA binding site was the functional tar-
get. Only about 10 of the more than 400 guanines in 16S rRNA
were modiﬁed and about a half dozen of these were protected
from modiﬁcation when tRNA was bound. It was proposed
that certain bases of 16S rRNA were directly involved in bind-
ing tRNA to the 30S subunit, which, under the in vitro condi-
tions used in the experiments, would have corresponded to the
30S subunit P site.
Identiﬁcation of the modiﬁed bases posed a technical chal-
lenge prior to the arrival of gel technology and resulted in
the development of a high-voltage paper electrophoresis diag-
onal method [16] which was combined with oligonucleotide
sequencing [17]. Identiﬁcation of the kethoxal-reactive
guanines [16] led to the realization that they were among the
most phylogenetically conserved sequences in 16S rRNA
[18]; indeed, we now know that they are among the most con-
served sequences in all of biology. Identiﬁcation of the tRNA-
protected nucleotides by this approach proved unworkable,
because the tRNA-binding activity of the uniformlyblished by Elsevier B.V. All rights reserved.
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could not yet be shown which of these nucleotides were pro-
tected by tRNA, or were important for tRNA binding, the
ﬁnding that it was the exposed nucleotides that were most con-
served argued strongly against the prevailing view that the
importance of rRNA was in binding the ribosomal proteins.
Development of rapid primer-extension gel methods [19] ﬁ-
nally made possible identiﬁcation of the tRNA-protected
bases. In addition, the method allowed the use of not only
kethoxal, but probes for all four bases, including dimethyl sul-
fate (for A and C) and CMCT (for U and G). All four probes
were directed toward the Watson–Crick pairing positions of
the bases (the N1 positions of the purines and N3 positions
of the pyrimidines). The ﬁrst experiments distinguished three
distinct groups of protected bases in 16S rRNA, originally
called classes I, II and III [20]. Class I bases were later con-
ﬁrmed to be protected by tRNA bound to the 30S P site
([21]; summarized in Table 1). All of these same bases were
protected when only the anticodon stem–loop was bound to
the 30S P site [20], showing that the tRNA–16S rRNA interac-
tions involved only this limited region of tRNA.
Class III bases were protected not only by tRNA, but by 50S
subunits or certain antibiotics [20]. Since all three types of
ligand can bind simultaneously to the 30S subunit, it was pro-
posed that protection of class III bases was the result of ligand-
induced conformational changes in the 30S subunit, rather
than direct contact.
The 12 P-site tRNA-protected bases were thus candidates
for functional nucleotides in 16S rRNA that are involved in
binding tRNA, but the list seemed long for binding only a
15-nucleotide portion of tRNA. To identify the 16S rRNA
bases that were crucial for tRNA binding, a modiﬁcation-
interference experiment was done [22]. A population of 30S
subunits was partially modiﬁed with each of the chemical
probes, at a level where only a fraction of the population re-
tained its ability to bind tRNA. The binding-competent sub-
units were then separated from the total population byTable 1
16S rRNA bases protected from chemical probes by P-site tRNA
Nucleotide positiona Protected [20,21] Identiﬁed by modiﬁcation i
A532 + 
G693 ++ 
A790d + 
G791d + 
A794 ++ 
C795 ++ 
G926 ++ +
m2G966 + ++
G1338 + ++
A1339 ++ 
U1381 + 
A1394d + 
C1399 + 
C1400 + 
G1401(N7) ++ ++
aPositions of attack by chemical probes are N1 (G,A) and N3 (C,U), except
bProtection of G926, C1400 and G1401 can be explained by contact with the
direct contact with the mRNA, but the crystal structure suggests that acce
backbone.
cThe crystal structure shows that U1381 is actually part of the 30S E site, an
than the 16S backbone.
dA790, G791 and A1394 are ‘‘class III’’ sites [20]. Their protection by tRNA,
ligand-induced conformational changes rather than to direct contact.binding 3 0-biotin-derivatized tRNA followed by capture with
magnetic streptavidin beads. The modiﬁcation levels of 16S
rRNA in the active subunits were compared with those of
the total population; nucleotides that were modiﬁed in the
total population, but unmodiﬁed in the binding-competent
sub-population were thus identiﬁed as those bases whose mod-
iﬁcation interfered with tRNA binding. These bases were
G926, m2G966, G1338 and G1401 (Table 1).
Many of these same bases were also implicated by crosslink-
ing experiments. Most compelling was the direct photochemi-
cal crosslinking of the cmo5U34 wobble base of the tRNA
anticodon to C1400 of 16S rRNA in yields of 50% or more
[10,23]. In addition, crosslinks between tRNA and G693,
m2G966, G1338 and A1339 of 16S rRNA were obtained by
Brimacombe and co-workers [24,25] using tRNAs derivatized
with chemically reactive groups.3. Crystallographic determination of P-site tRNA–rRNA
contacts
When the 7.8 A˚ co-crystal structure of the Thermus thermo-
philus 70S ribosome complexed with a tRNA anticodon
stem–loop bound to its 30S P site was solved [26], individual
contacts between the ribosome and the anticodon stem–loop
of tRNA could be visualized for the ﬁrst time. Three contacts
(a, b and c) could be seen where the electron density of the
30S subunit merged with that of the anticodon stem, and three
more contacts (d, e and f) were found between the subunit and
the codon–anticodon interaction. At 5.5 A˚ resolution, the 16S
rRNA chain could be traced, and at last the rRNA–tRNA
contacts could be assigned [27]. Many of the details of the inter-
actions could be interpreted by comparison with the high-reso-
lution structure of the 30S subunit, where a P-tRNA-like
interaction is made with helix 6 of 16S rRNA from a symmetry
mate subunit [28]. The three contacts with the anticodon stem
were identiﬁed as the backbones of A1229 and C1230 (a), thenterference [22] Crosslinked to tRNA Crystal contact [27]

+ [24] 




++b
+ [24] ++
+ [24,25] ++
+ [25] ++
(++c)

+/b
++ [10,23] ++b
+b
for G1401, which is protected from DMS at its N7 position.
mRNA backbone, rather that with P-site tRNA itself. C1399 is not in
ss of DMS to its N3 position is prevented by packing of the mRNA
d the only E-site tRNA contact that involves a 16S rRNA base, rather
by 50S subunits or by certain antibiotics was interpreted as the result of
Fig. 1. Two views of the 30S P site, showing interactions with the tRNA anticodon stem–loop [27]. The 16S rRNA is shown in cyan, the 30S proteins
in dark blue and the tRNA in red. Nucleotides in 16S rRNA protected from chemical probes by P-site tRNA ([20,21]; Table 1) are indicated by
spheres, colored according to whether they make direct contact with tRNA (red), or are protected as the result of conformational changes in the
ribosome (magenta, grey-blue). Class III sites [20] are shown in blue-grey.
Fig. 2. Interaction of the C-terminal tails of proteins S9 and S13 with
H.F. Noller et al. / FEBS Letters 579 (2005) 855–858 857bases of G1338 and A1339 (b) and the ribose-phosphate back-
bone moiety of A790 (c). The backbone interactions involving
nucleotides 790, 1229 and 1230 were not previously identiﬁed
because of their unreactivity toward the base-speciﬁc probes.
The interaction (d) with the apex of the anticodon loop at posi-
tion 34 of the tRNA is made by m2G966, and C1400 stacks on
the wobble base at position 34 of the tRNA (e), exactly as pre-
dicted by Ofengand and colleagues [23].
G926 actually interacts with the mRNA, at the phosphate of
nucleotide 1 of the mRNA P-site codon (f), most likely
through a hydrogen bond from its N1 position. The protected
N7 position of G1401 is within 5 A˚of nucleotide 3 of the
mRNA P-site codon, and access to C1399 by DMS is probably
decreased by its enclosure due to packing of the mRNA. The
remaining four nucleotides, A532, G693, A794 and C795,
and the class III sites A790, G791 and A1394, must be pro-
tected as a result of tRNA-induced conformational changes
in the 16S rRNA. The 30S P-site interactions are shown in
Fig. 1.the anticodon stem–loop of tRNA in the 30S subunit P site [27,28].
The P-site features of 16S rRNA are omitted for clarity. The short and
long portions of the tails that were subjected to chromosomal deletions
[29] are shown in yellow and red, respectively.4. Involvement of ribosomal proteins
This assessment of the chemical probing-crystallography
balance sheet looked like a tidy one, and presented convincing
evidence for the functional role of 16S rRNA, except that the
structure of the 30S subunit [28] revealed the intrusion of two
ribosomal proteins into what was otherwise a purely RNA
functional site; this was conﬁrmed by careful inspection of
the 5.5 A˚ electron density map of the P-tRNA–ribosome com-
plex [27], although the detailed path of the S13 tail diﬀers
somewhat in the 70S structure. Proteins S9 and S13 both have
long, extended C-terminal tails that extend from their globular
domains into the P site of the 30S subunit (Fig. 2). Both tails
contain basic amino acid side chains that enable interactions
with the backbone phosphates of tRNA. The length of the tail
of S9 is universally conserved across all phylogenetic groups,ending abruptly in a C-terminal arginine, without exception.
The strict conservation of its length is dictated by the position
of the tRNA anticodon loop, which stands directly in its path.
The C-terminal arginine of S9 is positioned to make an electro-
static interaction with phosphate 35, at the apex of the antico-
don loop. The tail of S13 is less conserved, both in sequence
and absolute length; however, all known S13 sequences con-
tain many basic side chains, usually lysines. In T. thermophilus,
the S13 tail crosses the backbones of the bottom strand of the
anticodon stem and the loop; although the structure is not yet
known for E. coli at suﬃciently high resolution, the tail is
shortened, and would only be long enough to interact with
the backbone of the stem strand.
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of the 30S P site, the tails of S9 and S13 were deleted, both
singly and in combination [29]. To ensure that the resulting
mutant ribosomes contained only the deleted versions of the
proteins, a chromosome replacement strategy was used [30].
Plasmids containing precise tail deletions were crossed into
the E. coli chromosome by homologous recombination, result-
ing in cells whose only source of proteins S9 and S13 were the
deleted versions. All of the tested deletions were viable, includ-
ing a double-mutant strain containing the short deletions of
both S9 and S13, in which no protein–tRNA contacts are pos-
sible. The deletions conferred moderate slow-growth pheno-
types; for example, the double deletion exhibited a growth
rate about 40% slower than that of wild-type.
Interestingly, the S9 deletion showed a skewed preference for
a subset of tRNAs. In vitro P-site tRNA binding assays
showed that, while 30S subunits bearing the S9 deletion bound
tRNAs whose anticodon stem sequences contained two or
more of the G–C pairs found in initiator tRNAs [31] with aﬃn-
ities comparable to those of wild-type subunits, binding of
other tRNAs was greatly diminished [29]. One interpretation
of this result is that loss of the contact between S9 and the
tRNA anticodon loop unmasks an inherent speciﬁcity of the
isolated 30S subunit for initiator-like tRNAs.
An unambiguous conclusion of these ﬁndings is that E.coli
cells are able to make all of their proteins using only ribosomes
containing a 30S subunit P site composed only of RNA. This
ﬁnding provides new evidence that the functions of the ribo-
some are based fundamentally on its RNA. We can add the
30S P site to the previous examples provided directly by crys-
tallography – the peptidyl transferase center [1] and the 30S A
site [32] – of functional sites whose biological activities are now
proven to be deﬁned by their ribosomal RNA. It is not unrea-
sonable to predict that all ribosomal functions will be found to
follow the same rule.
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